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To survive in cold environments, psychrophilic organisms produce enzymes

endowed with high specific activity at low temperature. The structure of

these enzymes is usually flexible and mostly thermolabile. In this work, we

investigate the structural basis of cold adaptation of a GH42 b-galactosi-
dase from the psychrophilic Marinomonas ef1. This enzyme couples cold

activity with astonishing robustness for a psychrophilic protein, for it

retains 23% of its highest activity at 5 °C and it is stable for several days

at 37 °C and even 50 °C. Phylogenetic analyses indicate a close relation-

ship with thermophilic b-galactosidases, suggesting that the present-day

enzyme evolved from a thermostable scaffold modeled by environmental

selective pressure. The crystallographic structure reveals the overall similar-

ity with GH42 enzymes, along with a hexameric arrangement (dimer of tri-

mers) not found in psychrophilic, mesophilic, and thermophilic

homologues. In the quaternary structure, protomers form a large central

cavity, whose accessibility to the substrate is promoted by the dynamic

behavior of surface loops, even at low temperature. A peculiar cooperative

behavior of the enzyme is likely related to the increase of the internal cav-

ity permeability triggered by heating. Overall, our results highlight a novel

strategy of enzyme cold adaptation, based on the oligomerization state of

the enzyme, which effectively challenges the paradigm of cold activity cou-

pled with intrinsic thermolability.

Database

Structural data are available in the Protein Data Bank database under the accession number

6Y2K.

Abbreviations

CAZy, carbohydrate active enzyme (database); CD, circular dichroism (spectroscopy); GH, glycoside hydrolase; KSV, Stern–Volmer constant;

MD, molecular dynamic; M-bGal, b-galactosidase from an Antarctic bacterium of Marimononas ef1; ONPG, ortho-nitrophenyl-b-galactoside;

PB, phosphate buffer; Rg, radius of gyration; Rh, hydrodynamic radius; RMSD, root-mean-square deviation; RMSF, root-mean-square

fluctuations; SASA, solvent-accessible surface area; SEC-LS, size-exclusion chromatography combined with light scattering detection;

Topt, optimum temperature of the catalysis.
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Introduction

Organisms endemic to environments extreme as for

temperature, pressure, pH, and other conditions (so-

called extremophiles) developed adaptive strategies sui-

ted to their survival. Life in these harsh conditions

relies on changes in the cell components, the study of

which is relevant for understanding the mechanisms of

environment-driven evolution at the molecular level.

Besides, extremophiles are valuable sources of mole-

cules and compounds exploitable in several fields of

application [1–4].
Among extremophiles, Antarctic marine microor-

ganisms are permanently exposed to temperatures

close to the freezing point of water and evolved

enzymes active at low temperature, referred to as cold-

active enzymes [5,6]. Several such enzymes are

described in literature [7], and their ability to cope

with the overall impairment of chemical reactions

occurring at cold temperature has been ascribed to the

peculiar conformational flexibility of local regions

(e.g., the active site or protein surface areas). Increased

flexibility relies on structural adaptations including

peculiar amino acid composition, weakening of molec-

ular interactions (e.g., hydrogen bond, salt bridges),

loops extension, and lower metal binding affinity.

Flexibility translates into specific biochemical proper-

ties such as low activation enthalpy, low affinity for

substrates, low optimal temperature of catalysis (Topt,

20–30 °C) and high specific activity at low temperature

[7–10]. A frequent side effect of flexibility is the intrin-

sic thermolability of several psychrophilic enzymes, the

majority of which undergo inactivation and denatura-

tion at milder temperature, compared with that of

their mesophilic and thermophilic homologues [7–
9,11]. Such a trade-off between flexibility and stability

is often interpreted as the necessary price to pay for

cold activity. This paradigm, however, is questioned

by a few recent reports [12–15].
In this work, we investigated the properties of a

cold-active glycoside hydrolase (GH). GHs are highly

diversified in specificity, structures, mechanisms and

functions, which reflects in their complex classification.

At present, the database of carbohydrate-active

enzymes (CAZy) includes 166 GH families [16–18]. b-
Galactosidases (EC 3.2.1.23) catalyze the hydrolysis of

b-glycosidic bonds of b-galactosides to give galactose.

They are widespread enzymes and have been identified

in several organisms, including animals, plants, fungi,

yeasts, bacteria, and Archaea [19]. In the CAZy data-

base, b-galactosidases are classified into four classes,

GH1, GH2, GH35, and GH42, according to their

sequence similarity [17]. Although all b-galactosidases
share the catalytic mechanism and the catalytic

domain shaped as an (a/b)8 (TIM) barrel [20–25], they
differ in substrate specificity. GH1 and GH2 b-galac-
tosidases are specific for lactose, whereas GH35 and

GH42 enzymes are specific toward b-1-3, b-1-4, and b-
1-6 galactosidic bonds [26]. In GH42 enzymes, the cat-

alytic center consists of two residues of glutamic acid,

which act through a retaining mechanism [20,27–30].
Besides the catalytic domain, the overall architecture

shows other accessory domains, such as the so-called

trimerization domain required for oligomerization.

GH42 b-galactosidases of known 3D structure are

organized in trimeric quaternary structures [20,27–30].
The GH42 family includes enzymes from Eubacteria,

Archaea, and Eukaryota isolated from extremophiles,

including psychrophilic [14,31–36] and thermophilic

microorganisms [30,37,38], which are particularly use-

ful to investigate about molecular strategies of thermal

adaptation.

GH42s have been identified in several psy-

chrophiles, including Halobacterium lacusprofundi [32],

Arthrobacter spp. [33,36], Planococcus spp. [34,35],

Rahnella sp. R3 [31], and Marinomonas sp. BSi20414

[14]. These enzymes are active at low temperatures

and exhibit a large diversity in their Topt (30–60 °C)
[14,31–36], thus suggesting that present psychrophilic

GH42s might have originated following different path-

ways of evolution. Unfortunately, the paucity of high-

resolution structural data does not allow shedding

light on the molecular basis of cold adaptation in this

group of glycosidases. To date, the only solved struc-

ture of a GH42 cold-active b-galactosidase is that of

Rahnella sp. R3. This enzyme is a highly flexible

homotrimer that displays a Topt of 35 °C and under-

goes complete inactivation within 5 min at 55 °C
[28,31].

Here, we report the biochemical and structural char-

acterization of a b-galactosidase from Marinomonas

ef1 (M-bGal), a species isolated in Antarctica. This

enzyme is atypical as it couples activity at 5 °C with

unusual thermal stability. Moreover, it shows allosteric

behavior at high temperature. To investigate in depth

the molecular basis of M-bGal features, we combined

a set of complementary techniques including biochemi-

cal and biophysical analysis, X-ray crystallography,

and molecular dynamics (MD) simulations. Our results

show that M-bGal is a novel member of the GH42

family organized in a hexameric structure obtained by

the juxtaposition of two trimers, and suggest a pivotal

role of the quaternary arrangement for the peculiar

behavior of the enzyme.
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Results

M-bGal combines cold activity with high optimal

temperature and thermostability

The M-bGal coding sequence (accession number:

WP_100635792) was identified in the genome of Mari-

nomonas ef1, isolated from a microbial consortium

previously sampled in Antarctica [39]. Sequence analy-

sis indicates a putative protein length of 656 amino

acids. According to InterPro [40] and Pfam [41], the

enzyme belongs to the GH42 glycosidase family. The

recombinant protein was produced in Escherichia coli

cells and purified by affinity chromatography with a

final yield of 15–20 mg of pure protein per liter of cul-

ture.

Activity assays using ortho-nitrophenyl-b-galactoside
(ONPG) as the substrate highlighted that M-bGal has

an optimal pH of 6.0 and retains 80% of its activity in

the pH range 5.0–7.0 (Fig. 1A). M-bGal is salt-toler-

ant and at 2.4 M NaCl still displays 60% of its highest

activity (Fig. 1B). This property might reflect the phys-

iological adaptation of Marinomonas ef1 to its natural

environment (Ross Sea, salinity of 35 g�kg�1 � 0.6 M

NaCl) [42]. The highest catalytic activity was recorded

at 55 °C (Fig. 1C), while at 5 °C the relative activity

approached 23% of the maximum (979 � 41 U�mg�1).

The unfolding transition midpoint (Tm) was deter-

mined by circular dichroism (CD) analysis at a fixed

wavelength (205 nm) and temperature in the range

from 5 to 90 °C (Fig. 1D). In this experiment, M-bGal

revealed surprisingly high thermal stability with a Tm

of 68.7 � 1.4 °C. The onset of kinetic inactivation

(Fig. 1C) was observed at a temperature ~ 13 °C lower

than the unfolding temperature. Uncoupling surmises

that the active site is more labile than the overall

structure, as it was reported for several other cold-ac-

tive enzymes [7,8,43].

Fig. 1. Biochemical and biophysical

characterization of M-bGal. The effects pH

(A), salt (B), and temperature (C) on the

activity of M-bGal were detected using

ONPG as a substrate. (D) Thermal stability

of M-bGal. Ellipticity values were recorded

at 205 nm during heating from 25 to 90 °C.

The initial CD signal was taken as 100% for

normalization. (E) The steady-state kinetics

of M-bGal were measured at 5 °C (blue),

25 °C (gray), 40 °C (orange), and 55 °C (red)

at different concentrations of ONPG. Error

bars indicate standard deviations on three

independent experiments (A-E). (F)

Oligomerization state of M-bGal analyzed by

SEC (absorbance at 280 nm, black line).

Molar masses (red dots) and hydrodynamic

radii (blue dots) are superimposed to the

SEC chromatogram and calculated online by

multi-angle and dynamic light scattering,

respectively.
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To gain more insight into M-bGal thermal robust-

ness, we assayed the enzyme long-term stability at

three different temperatures (5, 37, and 50 °C),

monitoring the decrease of both activity and structure

over time (Fig. 2). Inactivation was determined on the

base of residual enzyme activity and denaturation was

Fig. 2. Thermal stability of M-bGal. Thermal stability over time was measured at 4 °C (A, B), 37 °C (C, D), and 50 °C (E, F) as residual activity

and secondary structure. On the left, the residual activity (black line) and the relative CD intensity measured at 222 nm (blue line) were

monitored day by day after incubating the enzyme at different temperatures. Error bars indicate standard deviations on three independent

experiments. On the right, the Far UV CD spectra collected at the beginning (black line) and at the end (red line) of each kinetics.
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measured as relative CD intensity at 222 nm. At day

0, the specific activity is 500 U�mg�1 and the CD spec-

trum displays two minima peaks at 222 nm and at 210

nm which are characteristic of a/b structures (black

line in Fig. 2B,D,F). At 5 °C the protein is stable,

since the loss of activity during 45 days of experiment

keeps within 10% of the initial value (Fig. 2A) and the

CD spectrum recorded after 45 days is comparable

with that of day 0 (Fig. 2A,B). At 37 °C, the activity

decreases by 20% and 50% after 5 and 45 days,

respectively (Fig. 2C). Noteworthy, over the whole

incubation time the intensity of the CD signal lowers

by 15% only (dashed line in Fig. 2C), while the overall

CD spectrum undergoes slight modifications (Fig. 2D).

At 50 °C, the activity drops to 25% in 4 days and is

completely lost within a week. At this temperature,

after the sharp decrease recorded in the first day, the

loss of activity clearly parallels the loss of secondary

structure (Fig. 2E), probably accompanied by protein

aggregation, as witnessed by the appearance of visible

protein precipitates in the tubes and by the flattening

of the CD signal (Fig. 2F). Overall, when compared to

other homologous psychrophilic enzymes, M-bGal

reveals higher thermal robustness [7,8,43].

Temperature is an allosteric effector of M-bGal

Steady-state kinetics were carried out at four different

temperatures (5, 25, 40, and 55 °C) using ONPG as

the substrate, and data analyzed by fitting with the

Hill equation (Table 1). At 5 °C, the kinetics is well

fitted by a typical Michaelis–Menten curve, as indi-

cated by the value of the Hill coefficient (n) close to 1

(Fig. 1E, Table 1). In the range 5–40 °C, the Hill

coefficient slightly increases with temperature

(Table 1). Interestingly, at 55 °C, we observed a sig-

moid curve (Hill coefficient: 3.1, Fig. 1E) consistent

with increased cooperativity. At this temperature, Vmax

(60.1 � 1.7 mM�s�1) undergoes a 12-fold increase com-

pared with that observed at 5 °C (5.7 � 1.0 mM�s�1).

By contrast, the affinity for the substrate (K0.5) is

higher at 5 °C (K0.5: 6.9 � 0.4 mM) than at 55 °C
(K0.5: 14.3 � 0.7 mM).

M-bGal is phylogenetically related to

thermophilic GH42s

To frame the peculiar combination of properties

shown by M-bGal (cold activity, high Topt, high ther-

mal stability) in the context of the evolutionary history

of this enzyme, we performed a phylogenetic analysis

and estimated divergence times among GH42 protein

sequences in a data set composed by all characterized

GH42s present in the CAZy database, and other

GH42s from psychrophilic organisms (see Materials

and methods section). The resulting rooted tree

(Fig. 3) shows that sequences from psychrophilic (blue

dots in figure), mesophilic (empty dots), and ther-

mophilic (red dots) organisms do not cluster according

to the organism natural environment. Instead,

sequences from different types of extremophiles are

closely related. Considering their occurrence in several

different clades, it is reasonable to hypothesize that

cold-adapted enzymes may have evolved independently

from different ancestors at different times. M-bGal is

closely related to the GH42 protein from the Antarctic

Marinomonas polaris (uncharacterized) and both of

them share with the cold-active Marinomonas sp.

BSi20414 (MaBGA, [14]) an older ancestor dated

around 40 millions years ago (mya). These three

enzymes are nested in a group with eight sequences

from thermophilic organisms, sharing a common

ancestor of � 200 mya with the sequences from Ther-

mus species (Fig. 3). On this ground, we can hypothe-

size that the unusual biochemical properties of M-

bGal and MaBGA may reflect both the adaptation to

cold environments and common traits of thermophilic

homologues of the same protein family.

The M-bGal structure is organized in three

domains

The 3D structure of M-bGal was characterized by

means of X-ray crystallography. M-bGal crystals

belong to the hexagonal space group P6322, with one

protein molecule in the asymmetric unit and a very

high solvent content (~ 69.6%), corresponding to an

unusual Matthews coefficient of ~ 4.0 Å3�Da�1. The

structure, refined to 1.9 Å resolution to final R-factor

and R-free of 16.3% and 18.9% respectively, consists

of the full-protein construct (residues 1–656), 2 Cl�

ions, 10 glycerol molecules originating from the cry-

oprotectant solution used prior X-ray data collection,

and 978 water molecules (Table 2).

M-bGal has a three-domain (A, B, and C) tertiary

structure (Fig. 4A), and a quaternary hexameric struc-

ture formed by a dimer of trimers (Fig. 5). In each

Table 1. Kinetics parameters and Stern–Volmer quenching

constant of M-bGal.

K0.5 (mM) Vmax (mM�s�1) n KSV (mM
�1)

5 °C 6.9 � 0.4 5.7 � 1.0 1.3 2.4

25 °C 7.1 � 0.5 26.9 � 0.6 1.4 3.8

40 °C 9.7 � 0.5 30.7 � 0.9 1.5 4.7

55 °C 14.3 � 0.7 60.1 � 1.7 3.1 6.2
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protomer, domain A (residues 1–409) is the catalytic

one and consists of a canonical (a/b)8-barrel (a1-8, b1-
8; Fig. 6). Of note is the presence of a so-called H sub-

domain, a small a-helical motif inserted within the b4-
a4 connection of (a/b)8-barrel (Fig. 4A) and likely

involved in substrate specificity and/or substrate orien-

tation (see, e.g., [44]). Domain B (residues 410–603)
folds in a complex a/b structure formed by a central

seven-stranded mixed b sheet (Fig. 4A). The function

of domain B is structural, both stabilizing the tertiary

structure (interaction between a/b barrel and its a-heli-
cal subdomain) and mediating the formation of the tri-

meric and hexameric structure (Fig. 5A).

Domain C (residues 604–656) is the smallest one

and consists of an anti-parallel b sandwich comprising

two b-sheets, b21-b22-b24-b26, and b23-b25 (Figs. 4A

and 6). Probably this domain also plays a structural

function because it fits snugly between the A and B

domains and contributes, together with domain B, to

provide the protein surface involved in hexamerization

(see later, Fig. 5A).

Overall, the 3D structural alignment performed with

DALI [45] indicates a good match among M-bGal and

other GH42 b-galactosidases, such as those from Ther-

mus thermophilus A4 (A4-bGal) [20], Bacillus circulans

sp. (Bc-bGal) [27], Rahnella sp. R3 (R-bGal) [28],

Fig. 3. Rooted-phylogenetic time tree of GH42s. The divergence times of M-bGal are reported as the median of the estimated posterior

distribution. Empty, red, and cyan circles indicate sequences from mesophilic, thermophilic, and psychrophilic organisms, respectively.

Sequence headers contain the taxonomic name of the host, the codes of Uniprot (if available), and PDB (only for sequences used for the

structural comparison). The sequence of Marinomonas ef1 is highlighted in green. Unrooted tree topology was obtained with BALI-PHY 3.2

[78] and rooted with RANGER 2 [80]; the resulting rooted tree was used for divergence times estimate in PHYLOBAYES 4.1c [81]. Asterisks

indicate the nodes used for calibration; dashed lines indicate the time span used for the prior distribution on divergence time (see ‘Materials

and methods’). The numbers at internal nodes indicate posterior probabilities of Bali-Phy run, only if < 1.
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Geobacillus stearothermophilus (Gs-bGal) [30], and Bifi-

dobacterium animalis subsp. lactis BL-04 (Bl-bGal) [29]

(Table 3). The conservation is particularly marked

when considering the isolated domains (root mean-

square deviation—RMSD—ranges of 0.7–1.6 Å for

the A domain, 1.1–1.8 Å for the B domain, and 1.2–
1.6 Å for the C domain). A slightly different domain

orientation does not affect the trimeric assembly (see

next paragraph), which is conserved in GH42s and is

relevant for the organization of the active site.

Most significant differences are found in the length

and conformation of some local loops (Figs. 4B and 6)

and in the coordination of Cl� ions. The first Cl� ion

is coordinated by the side chains of Trp12 and Arg353

and the main chain NH of Tyr8 and Arg355

(Fig. 7A), and it superimposes to that found in A4-

bGal. The second ion, not conserved in other GH42s,

is bound to the NH of Val149 and Leu150 and to

water molecules in a solvent-exposed surface cleft

between the core of the a/b barrel and the H subdo-

main. Of note is that the coordination of the Cl� ion

by M-bGal Arg353 and A4-bGal Arg351 forces the

preceding Phe residue in a cis configuration in both

proteins.

M-bGal shares the trimeric assembly of GH42 b-
galactosidases

The first level of M-bGal protomer organization gives

rise to a trimer, which is the lone quaternary structure

of other GH42 b-galactosidases of known 3D structure

[20,27–30]. The overall shape of the M-bGal trimer

resembles an inverted ‘flowerpot’, with each protomer

interacting with the other two (Fig. 5). The maximum

internal diameter of this flowerpot is about 20–25 Å,

the narrowest point (about 8 Å) being located at the

Table 2. Data collection and refinement statistics of M-bGal 3D

structure.

Data collection

X-Ray source ESRF ID14-4

Space group P6322

Unit cell dimensions

a, b, c (Å) 133.3, 133.3, 232.6

a, b, c (°) 90, 90, 120

Wavelength (Å) 0.87313

Resolution (Å) 116.3–1.90 (2.00–1.90)a

Observations 2 830 997 (114 245)

Unique reflections 96 335 (3405)

R-merge (%)b 25.5 (67.4)

I/r(I) 10.9 (4.1)

Completeness (%) 100 (100)

Multiplicity 29.4 (25.6)

Refinement

R-factor/R-free (%)c 16.3/18.9

Protein residues in the a.u. 656

Cl� ions 2

Glycerols 10

Waters 978

Model quality

B-factor (Å2)

Protein residues 19.1

Cl� ions 17.4

Glycerols 56.6

Waters 34.6

RMSD from ideal values

Bond lengths (Å) 0.008

Bond angles (°) 1.25

Ramachandran plot

Favored regions (%) 98

Allowed regions (%) 2

Outliers (%) 0

aValues in parentheses refer to the last resolution shell.
bR-merge=∑|I–<I>|/∑I 9 100, where I is the intensity of a reflection

and <I> is the average intensity.; cR-factor=∑|Fo–Fc|/∑Fo 9 100.

R-free is calculated from 5% randomly selected data for

cross-validation.

Fig. 4. Tertiary structure of M-bGal. (A)

Ribbon diagram showing the 3D structure

of M-bGal. The A, B, and C domains are

shown in green (with the H subdomain in

cyan), orange, and magenta. Catalytic

residues Glu142 and Glu314 are labeled and

shown as yellow sticks. (B) Structural

superposition of M-bGal (green) with A4-

bGal (PDB code 1KWG, blue [20]), Bc-bGal

(PDB code 3TTS, red, [27]), R-bGal (PDB

code 5E9A, yellow [28]), Gs-bGal (PDB code

4OIF, magenta, [30]), Bl-bGal (PDB code

4UNI, gray, [29]). The figure was prepared

using PYMOL software [87].
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facing of the 90–97 loops from the three subunits, at

the apex of the trimer (Fig. 5A). Within the trimer,

each protomer interacts with two adjacent protomers

via two main contact regions involving the domain A

(C-terminal loops of the a/b barrel), and a second con-

tact area formed by parts of domain B and subdomain

H (Fig. 4B). Many residues participate in these inter-

molecular contacts, providing van der Waals interac-

tions (93 residues), hydrogen bonds (49 residues), and

salt bridges (5 residues). The trimeric assembly of M-

bGal buries about 4470 Å2 solvent-accessible surface

area (SASA) in each protomer and it is predicted to be

stable by the program PISA [46]. Unless some sequence

variations at the inter-subunit regions, the overall

trimerization interface is well conserved in various

GH42 structures, despite their different crystallo-

graphic environments [20,27–30].
The three active sites of M-bGal (Figs 4 and 5) are

all facing the internal core of the trimer at the

interfaces between protomers. Electrostatic surface cal-

culations reveal that the active site entrances are nega-

tively charged (Fig. 7C), as frequently observed in

other GHs [30]. More in detail, the catalytic residues

of M-bGal, Glu142 (acid/base) and Glu314 (nucle-

ophile) are conserved and positioned at the C-terminal

ends of the b4 and b7 strands, at~ 4–5 Å distance

from each other (Figs 4A and 6). The active site of M-

bGal contains a glycerol and two water molecules and

perfectly overlaps the active sites of three GH42

enzymes of known structure, in complex with a galac-

tose molecule [20,27,29] (Fig. 7B). The three hydroxyl

groups of the bound glycerol are at H-bond distance

to the side chains of Glu362, Arg103, Trp322, Tyr267,

His365, and the catalytic residue Glu142, while Arg33,

Phe37, Asn141, Glu314, and Phe352 complete the lin-

ing of the active site cavity. The M-bGal active site is

completed by the presence of a highly conserved

Trp183, which is involved in substrate binding and/or

Fig. 5. Quaternary structure of M-bGal.

Ribbon representation of the hexameric

structure (dimer of trimers) of M-bGal.

Domain coloring as in Fig. 4. (A) Side view,

centered on one of the three symmetrical

equatorial gates, and its close-up view with

Asn627 residues and glycerol molecules

highlighted (right panel). The internal cavity,

inside the hexameric structure, is shown as

water-excluded surface (gray, left panels in

A and B). (B) Top view, centered on one of

the two apical gates, and its close-up view

(right panel). Flexible loops are shown in

red, glycerol molecules as sticks. Zn2+ ions

present in A4-bGal (PDB code 1KWG) are

shown as yellow balls, after structural

superimposition of A4-bGal with M-bGal.

The figure was prepared using CHIMERA

software [88].
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Fig. 6. Structure-based sequence alignment of M-bGal with related GH42s. M-bGal is aligned with b-Gal from Thermus thermophilus A4

(A4-bGal, PDB code 1KWG, [20]), Bacillus circulans sp. (Bc-bGal, PDB code 3TTS, [27]), Rahnella sp. R3 (R-bGal, PDB code 5E9A, [28]),

Geobacillus stearothermophilus (Gs-bGal, PDB code 4OIF, [30]), and Bifidobacterium animalis subsp. lactis BL-04 (Bl-bGal, PDB code 4UNI,

[29]). Protein sequences were retrieved from the Protein Data Bank. Sequence alignment was performed using the CLUSTALW program (http://

www.ebi.ac.uk/Tools/msa/clustalw2/) and manually corrected based on 3D structure comparison. M-bGal secondary structure elements are

shown at the top of the alignment (color code as in Fig. 4, with 310 helices in a lighter color). Catalytic residues are shaded in red and

residues lining the active site in yellow. M-bGal Cys residues and the corresponding Cys residues in GH42 aligned enzymes are shaded in

gray. Cys residues forming the Zn2+ binding site in GH42 proteins and the corresponding His residue in Bl-bGal are shaded in blue. M-bGal

Trp12 and Arg353 involved in Cl� coordination are shaded in black. Residues delimiting the access gates to the M-bGal hexameric cavity, at

the apex and in the equatorial regions of the hexamer, are in bold character and underlined (in red the flexible loops). When present,

residues belonging to the purification tag are in italic.

Table 3. Structural comparison of M-bGal with homologues GH42 enzymes.

M-bGal (6Y2K) R-bGal (5E9A) Bc-bGal (3TTS) Bl-bGal (4UNI) A4-bGal (1KWG) Gs-bGal (4OIF)

N° of residues 656 (1–656) 684 (2–685) 675 (1–675) 689 (7–695) 644 (1–644) 685 (3–687)

Molecular massa (Da) 74 332.16 77 245.19 77 327.50 78 241.45 72 824.08 79 992.42

Secondary structureb

Helix 35% (234)c 30% (208) 31% (212) 30% (213) 34% (222) 32% (223)

Beta 27% (183) 32% (218) 31% (212) 30% (212) 28% (183) 32% (221)

Turn 25% (164) 20% (136) 21% (148) 24% (168) 24% (160) 21% (148)

Coil 36% (239) 37% (253) 37% (251) 38% (264) 37% (239) 35% (241)

Fraction of Glya 7.2% 8.0% 7.3% 6.5% 8.2% 5.7%

Fraction of Proa 5.8% 4.8% 4.0% 5.0% 8.5% 4.1%

Fraction of Arga 5.8% 5.5% 5.3% 6.5% 8.8% 5.8%

Total volumeb (Å3) 93 664.7 97 316.1 100 477.4 95 472.4 95 230.4 99 117.0

MeanRes volumeb (Å3) 142.8 143.3 148.9 138.6 147.9 144.7

Packing defectsb 141 160 211 90 219 80

Res 95% buriedb 254 274 265 263 257 270

Buried chargesb 20 25 19 24 22 24

Total ASAb (Å2) 25 228.3 25 651.0 25 671.0 26 073.1 24 415.7 26 353.7

ASA backboneb (Å2) 2758.5 3113.1 2953.5 3150.7 2913.9 2896.7

ASA sidechainb (Å2) 22 469.8 22 537.9 22 717.6 22 922.4 21 501.8 23 457.0

Fraction nonpolar ASAb 0.58 0.59 0.58 0.57 0.60 0.57

Fraction polar ASAb 0.19 0.21 0.20 0.19 0.16 0.18

Fraction charged ASAb 0.23 0.20 0.22 0.25 0.24 0.24

Intra-protein interactionsd

Van der Waals

All 696 743 772 754 703 807

MC-MC 2 1 1 1 1 1

MC-SC 127 176 165 152 120 164

SC-SC 567 566 606 601 582 642

Hydrogen-bonds

MC-MC 494 466 486 475 471 491

MC-SC 87 95 98 111 63 102

SC-SC 27 35 34 47 33 40

Ionic 36 24 28 33 30 35

p-p stacking 59 46 39 39 59 58

DALI analysis

DALI Z-score – 40.1 40.5 38.4 52.8 38.4

Residue identity (%) – 28 29 26 55 26

RMSD (Å) – 2.1 2.0 2.5 1.0 2.2

Reference This study [28] [27] [29] [20] [30]

aCalculated with ProtParam [84].; bCalculated with Vadar [85].; cThe N° of residues is in parentheses.; dCalculated with RING [86].
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recognition [30]. This residue belongs to the adjacent

symmetry-related protomer, which is part of the tri-

meric quaternary structure.

The quaternary hexameric structure and the

absence of Zn2+ binding sites are peculiarities of

M-bGal

The hexameric arrangement of M-bGal is unprece-

dented in the GH42 family. Size-exclusion chromatog-

raphy combined with light scattering detection (SEC-

LS) analysis confirms crystallographic data, indicating

that the dimension of the native enzyme in solution

(molar mass 396 kDa, Rh 64 Å) (Fig. 1F) is compati-

ble with a hexameric assembly.

In M-bGal, the hexameric arrangement is the result

of the dimerization of two trimeric flowerpots. Dimeric

assembly of trimers buries about 930 Å2 in each pro-

tomer and involves residues located only in the B and

C domains (Fig. 5A), which form the ‘base’ of the

flowerpot. In the hexameric structure, six active sites

face a very large internal cavity of about 54000 Å3,

having a threefold symmetry along the vertical axis of

the hexamer (Fig. 5). Some trimer–trimer association

(albeit different from M-bGal) was also reported for

A4-bGal, R-bGal, and Bl-bGal, but in all these cases,

the small area of the buried interface and SEC data

clearly indicate that this association is the result of

crystal packing [27–29]. The access/exit to the internal

cavity could occur through two different types of gates,

namely ‘equatorial’ and ‘apical’ gates. The three equa-

torial gates derive from packing defects at the trimer–
trimer interface, close to the b13-b14 loop (529–535
residues) and to the b22-b23 loop (626–630 residues),

and were localized by the presence, inside the cavity, of

two glycerol molecules from the cryoprotectant solu-

tion (Fig. 5A, right panel). Equatorial gates are located

at the end of a deep surface cleft at the interface of

protomers and lined by mostly polar/charged residues,

such as Asp331, Ser626, Asn627, T628, Ser642, and

Asp659. The cleft has a narrowing in correspondence

of Asn627, which splits the gate in two almost circular

parts of about 10 Å of diameter each (Fig. 5A). Besides

equatorial gates, the top of the two flowerpots (loop

89–100) might also offer another access to the internal

cavity (Fig. 5B, right panel). These two apical gates, of

about 8 Å in diameter, are located at the end of a sur-

face funnel, generated by three interfacing protomers,

and lined mostly by polar/charged residues, such as

Ser87, Lys91, Arg96, Asp92, Glu154, and Glu194.

Fig. 7. M-bGal binding sites. (A) Structure

of the protein around the Cl� binding site.

The 2||Fo|-|Fc|| electron density around the

ion-binding site is shown as a gray mesh.

Residues involved in ion coordination are

labelled. (B) Active site of M-bGal in

complex with glycerol (cyan). Catalytic

residues Glu142 and Glu314 are shown as

yellow sticks, the other residues lining the

active site as green sticks, and water

molecules as red spheres. Trp183, which

belongs to an adjacent subunit, is shown in

brown. A galactose molecule (gray sticks),

derived by the complex structure with Bc-

bGal (PDB code 3TTY, [27]), is shown in the

M-bGal active site, after superimposing M-

bGal with Bc-bGal. (C) Electrostatic surface

representation of the active site of one M-

bGal subunit of the hexamer (blue positive,

red negative charges). For clarity, only the

protein surface of two adjacent protomers

of one trimer is shown. The absence of the

front subunit of the trimer allows viewing

the internal cavity. Overall, six identical

active sites face the internal hexameric

cavity. The figure was prepared using PYMOL

software [87].
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A further distinctive feature of M-bGal is the lack of

the Zn2+ binding site conserved in all other GH42s

with known 3D structure, where Zn2+ is coordinated at

the top of the trimer either by four Cys [20,27,28,30],

or by a water molecule and three His residues, one

from each monomer [29]. The absence of the Zn2+

binding site might increase the flexibility of the apical

loops of M-bGal, favoring the entrance of substrate

molecules through the apical gates (Fig. 5B). This

hypothesis was examined by molecular dynamics (MD)

simulations carried out on the M-bGal hexamer at

5 °C. At this temperature, all-atom RMSD of each

protomer is within 2 Å, and the average radius of gyra-

tion (Rg) of the hexamer is 48.6 Å,Rh of 61.0 Å [47], in

agreement with the Rg and Rh obtained by X-ray struc-

ture and SEC-LS (47.4 and 64.0 Å, respectively). The

analysis of fluctuations of the atomic positions suggests

that the apical loops at the entrance of the large cavity

are significantly more flexible (root-mean-square fluctu-

ation, RMSF 12 Å2) than the average of the protein

residues (RMSF 9.0 Å2). Furthermore, also the b22-
b23 loop at the equatorial gates seems to be more flexi-

ble than the other loops located at the subunit–subunit
interfaces (RMSF 9.5 Å2) (Fig. 8A).

Fig. 8. Dynamics properties of M-bGal. (A) Per-residue root-mean-square fluctuations (RMSF) (Å2) averaged over the hexamer for the MD

simulation at 5 °C. The blue line at 9.0 Å2 is the average value. (B) Per-residue solvent-accessible surface area (SASA) (Å2) averaged over

the hexamer. Blue bars refer to the MD simulation at 5 °C, while red bars to the MD simulation at 55 °C. Error bars report the standard

deviation calculated over all the hexamer residues. (C) Sorted eigenvalues (first ten) resulting from the diagonalization of the covariance

matrix for the Ca carbons of the hexamer. Blue circles refer to the MD simulation at 5 °C, while red squares are for the MD simulation at

55 °C. The motion associated with the first eigenvalues is annotated in the plot. (D) Stern–Volmer plots of fluorescence quenching by

acrylamide monitored at 5, 25, 40, and 55 °C. Color code is the same as in (1E). The arrow on the rigth side indicates increasing

temperature. Error bars indicate standard deviations on three independent experiments.
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Heating increases the accessibility of the active

sites

To explore more in depth how temperature affects the

accessibility of the active sites, an additional simula-

tion was performed at 55 °C. The solvent-accessible

surface area (SASA) was calculated at 5 and 55 °C in

the range from 200 to 350 ns, when a relative stabiliza-

tion of M-bGal was reached. As expected, the overall

SASA increases more at higher temperature (15% vs

20% at 5 and 55 °C, respectively). To note, at 5 °C
the average SASA per active site residue (31 Å2) is

very similar to that observed for all other residues

(34 Å2). Upon heating at 55 °C, active site SASA

increases significantly (47 Å2vs 36 Å2 observed for the

average of all other residues), suggesting that specific

rearrangements affect mainly the active sites. To gain

more detail about protein motions, we performed a

covariance analysis on the Ca carbons of the hexamer.

The trend of the sorted eigenvalues is comparable at

both temperatures, with the difference in absolute

value simply associated with the larger fluctuations at

higher temperature. At 5 °C, the first eigenvector is

associated with a twisting motion of the two trimers

within the hexamer, which slightly rotate one with

respect to the other without affecting the accessibility

of the active sites that move rigidly within each trimer

(Fig. 8B). On the contrary, at 55 °C the first eigenvec-

tor is associated with motions of loops at the interface

between protomers in each trimer, and the loop includ-

ing the Trp183 that is in close contact with the active

site of the symmetric protomer (Fig. 7B). Such

motions make the active site of each hexamer pro-

tomer more accessible to the solvent and hence to the

substrate. Of note, the second eigenvector at 55 °C
corresponds to the first at 5 °C (Fig. 8B). Altogether,

our MD simulations suggest that, upon heating,active

sites become more accessible via hexamer correlated

motions.

The overall structural compactness of M-bGal was

further explored by dynamic fluorescence quenching by

acrylamide of tryptophan residues (21 in M-bGal), at

5, 25, 40, and 55 °C. In this kind of experiment, the diffu-
sion of acrylamide is limited by the protein structural com-
pactness, and the quenching extent varies with acrylamide
concentration at a rate described by the Stern–Vollmer con-
stant (KSV), which is also temperature-dependent. KSV val-
ues were calculated through the linear fitting of the curves
in Fig. 8D, according to Equation 2 (see Materials and
methods section). Overall, data obtained for M-bGal
(Table 1) indicate that heating induces greater accessibility
to acrylamide of Trp residues buried in the M-bGal struc-
ture.

Discussion

M-bGal is an atypical cold-active enzyme

M-bGal conforms to the current definition that classi-

fies as cold-active those enzymes able to maintain

activity at low temperature, typically 10–20% of their

highest activity at ≤ 10 °C [7,10,11]. The Topt at 55 °C,
although higher than that of most cold-active enzymes,

is not a rarity among psychrophilic GH42s

[14,32,33,36]. More astonishing is the heat resistance

of M-bGal, which has Tm of 68.7 °C and remains

active after several days at 37 °C and a few days at

50 °C. This observation is very remarkable as at the

latter temperature most psychrophilic enzymes have

half-lives of a few minutes only [10,48,49]. Thus, M-

bGal couples apparently mutually exclusive properties

such as cold activity and high thermostability. In semi-

nal studies, it has been shown that contrasting proper-

ties can be combined through directed-evolution

experiments when appropriate multiple selective pres-

sure is applied [50]. Thus, for example, the use of

directed-evolution approaches and multiple screening

allowed developing cold activity in mesophilic enzymes

and vice versa, without losing the original temperature

dependence [51]. Our phylogenetic study of GH42

sequences suggests that M-bGal may have arisen as a

rather thermostable protein scaffold on which cold

activity was implanted as a consequence of changed

environmental conditions experienced by the produc-

ing bacteria.

Cold adaptation of M-bGal is based on

unexpected structural solutions

Cold-active enzymes developed different structural

changes to increase the flexibility of the protein surface

or active site (e.g., peculiar amino acids composition,

lower number of weak interactions). The comparison

of M-bGal with other GH42s indicates that these

enzymes are similar in sequence and structural features

(Table 3). Although some differences in the length and

hydrophobicity of connecting loops were identified

(Fig. 6), they are distributed in the GH42 family with-

out any specific rationale related to temperature adap-

tation. Whenever adaptation strategies involve the

protein topology or oligomeric state [52–54], the qua-

ternary structure of psychrophilic proteins often dis-

plays more flexible oligomerization interfaces relative

to their mesophilic and thermophilic homologues

[53,55]. Therefore, we hypothesize that cold adaptation

and the ‘hybrid’ functional behavior of M-bGal are

related to its unique hexameric arrangement. We
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found that the quaternary assembly of M-bGal buries

(~ 54 000 Å3), hosting 1460 ordered water molecules,

6 Cl� ions, and 12 glycerol molecules (in the first

hydration shell of the protein protomers). The volume

of the internal cavity is ~ 1.7-fold larger than the reac-

tion chamber of propionyl-CoA synthase from Ery-

throbacter sp. NAP1 (~ 33 000 Å3) [56] and is similar

to that of the proteasome antechamber (~ 59 000 Å3)

[57]. The presence of such a large internal cavity con-

taining solvent molecules is considered as a mean to

increase the structural flexibility of psychrophilic pro-

teins [58]. We hypothesize that such as a wide sub-

strate-binding chamber could favor the binding events

at cold temperatures and counteract the low substrate

affinity typical of cold-active enzymes.

Five ‘gates’ (two at the apices and three at the equa-

torial region of the hexamer) connect the internal sub-

strate chamber with the external bulk solution.

Overall, the movements of the loops belonging to all

five gates contribute the most to the dynamic of the

protein surface, as witnessed by MD simulations at

5 °C. In particular, the absence of a Zn2+ binding site,

otherwise conserved in GH42s, would confer flexibility

to the apical gates (Figs 6 and 8A). We propose that

such a combination of flexible elements coupled with

the hexameric arrangement found in M-bGal can rep-

resent a novel cold adaptation mechanism, unshared

by trimeric psychrophilic GH42s, such as R-bGal, in

which active sites are fully exposed to the solvent, and

therefore may conserve the Zn2+ binding site at the

top of each trimer [28].

Heating modulates substrate affinity and triggers

binding cooperativity

Substrate-binding affinity is reported as a key factor in

temperature adaptation [59,60]. Usually, substrate-

binding sites of cold-active enzymes are larger than

those of their mesophilic and thermophilic homo-

logues, resulting in weaker substrate-enzyme interac-

tions and lower binding affinity. Overall, the

enlargement of substrate-binding sites lowers the free

energy barrier of the transition state, which ends up

fostering catalysis [60]. As a consequence, the KM of

several psychrophilic enzymes is higher compared to

those of mesophilic counterparts [8,43,59–61]. How-

ever, the K0.5 of M-bGal, determined at 5 °C, is simi-

lar to those of mesophilic and thermophilic GH42s

[29–31,35–37,62–64], pinpointing the hexameric struc-

ture, with its large internal cavity, as an elegant and

unusual strategy to modulate substrate accessibility

and affinity. Heating increases K0.5, Vmax, and cooper-

ativity, indicating that temperature could act as an

allosteric effector for M-bGal. Such an unexpected

kinetic behavior can be accounted for by the greater

flexibility of chamber gates, the faster substrate diffu-

sion, and the further enlargement of the chamber vol-

ume triggered by heating, as suggested by MD

simulations.

In conclusion, our study contributes to sample the

diversity of cold adaptation strategies within the mem-

bers of a protein family exposed to similar selective

pressure. This heterogeneity, probably due to the phy-

logenetic distance of the GH42 ancestors, leads us to

consider the search for a common ‘structural signa-

ture’ of cold adaptation as utopian. Rather, cold adap-

tation appears to pursue the improvement of kinetics

efficiency at low temperature through very diverse and,

in some cases, unexpected structural solutions.

Materials and methods

Identification of M-bGal and cloning

The sequence encoding for a putative b-galactosidase was

identified in the Marinomonas ef1 genome deposited in the

GenBank under the accession number NHTT01000000 by

the pipeline available in Prokka 1.12 [65] and by a Stan-

dalone Blast operation using the b-galactosidase from

Marinomonas polaris (acc. N. WP072839227) as the query.

The identified Marinomonas ef1 b-galactosidase (M-bGal)

is available in the GenBank database under the accession

number WP100635792.

The synthetic gene encoding for M-bGal was sequence-

optimized for expression in Escherichia coli (GenScript, Pis-

cataway, NJ, USA), and cloned in frame with a C-terminal

6xHis-Tag into pET-21a vector (EMD, Millipore, Billerica,

MA, USA) between NdeI and XhoI sites to obtain pET-21

[M-bGal].

Recombinant protein production and purification

Escherichia coli strain DH5aTM (Invitrogen, Waltham, MA,

USA) was the host for plasmid DNA amplification, while

strain BL21 (DE3) (EMD Millipore) was used for recombi-

nant protein expression. M-bGal was intracellularly pro-

duced in Zym 5052 [66] added of 100 mg�L�1 of ampicillin

(Merck, Darmstadt, Germany) and extracted as described

in [52]. Proteins were purified on gravity flow chromatogra-

phy column of nickel-nitrilotriacetic acid agarose resin

(Jena Bioscience, Jena, Germany). Samples containing the

highest amount of protein were pooled and buffer-ex-

changed twice by gel filtration on PD10 columns (GE

healthcare, Little Chalfont, UK) against 10 mM sodium

phosphate buffer (PB), pH 6.0.
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Protein concentration was determined by the Bradford

protein assay (Bio-Rad, Hercules, CA, USA), using bovine

serum albumin as a standard.

Activity assay

Enzyme activity was measured by a discontinuous assay

using ONPG (Merck) as a substrate. The assay was per-

formed at 25 °C in PB, after 3 min the reaction was

stopped by adding an equal volume of 1 M sodium carbon-

ate buffer, pH 11.0, and the absorbance detected at 420 nm

(molar extinction coefficient: 4.6 mM
�1�cm�1) with a Jasco

V-630 UV/VIS spectrophotometer (JASCO Europe, Lecco,

Italy). One unit of enzyme activity was defined as the

amount of the enzyme catalyzing the formation of 1 lmol

of ONPG per minute.

The pH optimum was explored by measuring the activity

in PB, in the pH range 4.0–10.0. The catalytic temperature

optimum was explored in PB, pH 6.0, in the temperature

range 5–85 °C. Thermal stability was assessed by measuring

the residual activity at 25 °C after incubating the enzyme

(500 U) in PB, pH 6.0 at 5 °C for 45 days, 37 °C for

45 days and 50 °C for 10 days.

The kinetics parameters of M-bGal were measured using

different concentrations of ONPG (from 1 to 20 mM), at

the optimum pH and at four different temperatures (5, 25,

40, and 55 °C). Kinetics parameters were calculated with

the ORIGINLAB software (OriginLab Corporation,

Northampton, MA, USA), using the nonlinear fitting of

Hill equation 1

V ¼ Vmax � S½ �n
K0:5ð Þnþ S½ �n ð1Þ

where V is the reaction rate, Vmax is the maximum reaction

velocity, [S] is the substrate concentration, K0.5 is the sub-

strate concentration giving rise to a reaction velocity that is

50% of Vmax, and n is the Hill coefficient.

CD spectroscopy

CD spectra of M-bGal (1 µM in PB) were collected in a J-

815 spectropolarimeter (JASCO Europe), using a 0.1-cm

path length cuvette. Measurements were performed with

0.1-nm data pitch and 10-nm�min�1 scanning speed. All

spectra were corrected for buffer contribution, averaged

from four independent acquisitions, and smoothed by using

a third-order least-square polynomial fit.

Thermal denaturation ramps were obtained measuring

the variation of CD signal at 205 nm when progressively

heating the sample from 5 to 90 °C. Measurements were

performed in triplicate with a data pitch of 2 °C and tem-

perature slope of 0.5 °C�min�1.

Structural changes occurring during the thermal stability

assay were assessed by monitoring the CD signal at 222 nm

after incubating the enzyme in PB, pH 6.0 5 °C for

45 days, 37 °C for 45 days, and 50 °C for 10 days. CD

spectra were recorded in the range 200–260 nm at the

beginning and at the end of experiments.

Dynamic quenching of fluorescence

The acrylamide-dependent quenching of intrinsic protein

fluorescence was monitored at four different temperatures

(5, 25, 40, and 55 °C) in the presence of 5 lM of M-bGal

in a 2-mL initial volume of PB, after consecutive additions

of 2.5 lL (at 40 and 55 °C) or 5 lL (at 25 °C) of 5.6 M

acrylamide (Bio-Rad).

Fluorescence emission spectra were collected after excita-

tion at 280 nm with a Cary Eclipse Spectrofluorimeter

(Varian Australia Pty Ltd, Mulgrave, Vic., Australia), using

quartz cuvettes of 1-cm path length. Slit width was 5 nm,

both for excitation and emission. Spectra were acquired at

1-nm intervals, at 600 nm�min�1 rate and 0.1-s averaging

time.

The Stern–Volmer quenching constant KSV, which is a

measure of the accessibility of the fluorophore to the

quencher, was calculated at each temperature according to

the relation [67] shown in equation 2,

F0

F
¼ 1þKSV � Q½ � ð2Þ

where F0 and F are the fluorescence intensity measured at

335 nm in the absence and in the presence of molar con-

centration of the quencher Q.

Size-exclusion chromatography with multi-angle

and dynamic light scattering (SEC-LS)

SEC-LS detection was carried out using a Superose 12 col-

umn (10/300 GL, GE Healthcare), fitted to a high-perfor-

mance liquid chromatography (HPLC) system composed

by a Waters 515 HPLC Pump, a Waters 2487 Dual k
Absorbance detector (Waters, Sesto San Giovanni, Italy), a

Wyatt Dawn Heleos multi-angle light scattering equipped

with a dynamic light scattering, and a Wyatt Optila T-rEX

differential refractive index detector (Wyatt Technology,

Santa Barbara, CA, USA).

200 lL of 1 mg�mL�1 samples was run in 100 mM PB,

pH 6.0, at flow rate of 0.5 mL�min�1. Molar mass and Rh

were calculated by means of the ASTRA software (Wyatt),

using a dn/dc value of 0.185.

Crystallization, structure determination, and

refinement

Crystallization of M-bGal was achieved by using the hang-

ing drop vapor diffusion method on 24-well LinbroTM

plates. Stick-like crystals were obtained after 3 weeks at
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21 °C, by equilibrating the protein solution (6 mg�mL�1)

against 0.5 M NaCl, 100 mM Na-citrate (pH 5.6), and 2%

ethylene imine polymer. They diffracted up to 1.9 Å resolu-

tion, using synchrotron radiation at 100 K (ESRF, Greno-

ble, France). Crystals belong to the hexagonal P6322 space

group with one protein molecule per asymmetric unit (esti-

mated solvent content 69.6%) (Table 2). XDS [68], SCALA

[69], and the CCP4 suite programs [69] were used for

reducing, scaling, and analyzing all the collected data.

M-bGal structure was solved by molecular replacement

with Phaser [70], using the structure of Thermus ther-

mophilus A4 b-galactosidase (PDB code 1KWG) as the

search model. The M-bGal molecular model was checked

manually with COOT [71] and refined with REFMAC5

[72] to the maximum resolution (Table 2). The stereochemi-

cal quality was assessed with MolProbity [73], and the qua-

ternary assemblies were identified with PISA [46]. Finally,

the atomic coordinates and the structure factors have been

deposited in the Protein Data Bank (www.rcsb.org) with

entry code 6Y2K.

MD simulations

MD simulations were performed with GROMACS 2018

[74] using the Amber03 force-field with scaled protein–wa-
ter interactions and the TIP4P/2005 water model

(Amber03ws) [75,76]. Starting from the 3D structure of the

M-bGal hexamer, the protein was first energy-minimized in

vacuum retaining two Cl� atoms per protomer while

removing the crystallographic water molecules. The protein

was then solvated in a box of 2933 nm3 of volume with

78 704 water molecules and 132 Na+ counter ions to neu-

tralize the overall charge and additional ions corresponding

to 0.1 M NaCl. The global system consisting of 377 000

atoms was eventually further energy-minimized. The sol-

vated protein was thermalized at either 278 or 328 K, first

keeping the protein atoms fixed in their energy-minimized

positions and successively letting all the atoms move and

the box size adapting to a pressure of 1 bar. Conventional

MD simulations, with hydrogen mass repartitioning that

allows using a time step of 4 fs [77], were performed at the

two temperatures, at constant volume, for 350 ns.

Phylogenetic and sequence analysis

The phylogenetic tree and the multi-sequence alignment

were performed with Bali-Phy 3.2 [78]. Besides the sequence

of M-bGal, the data set included 62 sequences of character-

ized GH42s present in the CAZy database, 3 sequences of

uncharacterized GH42s from psychrophilic organisms, a

GH42 sequence from Marinomonas polaris (the same used

for the Blast search, see above), and one from the Arctic

Marinomonas sp. BSi20414 (MaBGA) [14]. Six independent

analyses were performed using the default parameters, with

an empirical substitution rate matrix (LG model) and a

rs07 insertion/deletion model [78,79]. The convergence and

mixing of sample parameters were checked according to the

manual (http://www.bali-phy.org/README.html#mix

ing_and_convergence). In order to remove the background

noise at the beginning of the run, the first 50% of steps

were discarded. The position of the root was inferred with

a parsimony-based approach, minimizing the costs of dupli-

cation, transfer, loss events under a defined species phy-

logeny. This analysis was performed with RANGER 2 [80],

using the previously obtained unrooted phylogeny and a

chronogram tree in which each branch represents the evolu-

tionary time. This tree was generated through the ‘Time

Tree of Life’ website (http://www.timetree.org/). Three dif-

ferent cost combinations for duplication (D), transfer (T),

and loss (L) events were used, in order to select the optimal

root position that minimizes the sum of costs for all the

events in the tree. Each analysis was repeated 100 times for

consistency. In order to estimate the posterior distribution

of divergence times, the obtained rooted tree topology and

the maximum a posteriori alignment were used as the input

in two independent Bayesian runs of � 30 000 cycles in

Phylobayes 4.1c [81]; the first 50% of cycles were discarded

after verifying convergence and good mixing through trace-

comp command. The CAT infinite mixture model [82], a

log normal (Brownian) autocorrelated clock [83], and a

Dirichlet prior on branching times (hyperprior parameter

set to 0.5) were used along the same model specifications

previously adopted. Four nodes connecting orthologous

sequences were calibrated with hard but permissive sym-

metric boundaries around the divergence times for the cor-

responding species reported in the ‘Time Tree of Life’

website.
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